Abstract Alterations in the renin angiotensin aldosterone system (RAAS) contribute to the underlying pathophysiology of insulin resistance in humans; however, individual differences in the treatment response of insulin resistance to RAAS blockade persist. Thus, understanding inter-individual differences in the relationship between the RAAS and insulin resistance may provide insights into improved personalized treatments and improved outcomes. The effects of the systemic RAAS on blood pressure regulation and glucose metabolism have been studied extensively; however, recent discoveries on the influence of local tissue RAAS in the skeletal muscle, heart, vasculature, adipocytes, and pancreas have led to an improved understanding of how activated tissue RAAS influences the development of insulin resistance and diabetes in humans. Angiotensin II (ANGII) is the predominant RAAS component contributing to insulin resistance; however, other players such as aldosterone, renin, and ACE2 are also involved. This review examines the role of local ANGII activity on insulin resistance development in skeletal muscle, adipocytes, and pancreas, followed by a discussion of the other RAAS components implicated in insulin resistance, including ACE2, Ang1-7, renin, and aldosterone.
Introduction
Insulin resistance is a well-known risk factor for type 2 diabetes, cardiovascular disease and the metabolic syndrome [1, 2]; leading causes of morbidity and mortality worldwide. Alterations in glucose homeostasis, including dysregulation of 1) pancreatic insulin secretion, 2) insulin stimulated glucose uptake in skeletal muscle and adipocytes, and 3) hepatic glucose production are hallmarks of insulin resistance, and current prevention and treatment strategies aim to address this pathophysiology [3] . Unfortunately, the prevalence of insulin resistance is increasing; this is particularly relevant in hypertensive and obese individuals who are at high cardiovascular risk [4] [5] [6] . Complicating this issue is the fact that current medications used to treat comorbidities associated with insulin resistance (i.e. hypertension) may adversely affect insulin sensitivity in some individuals [7, 8] . Thus, understanding the specific mechanisms contributing to development of insulin resistance on an individual level is essential for designing more effective and personalized prevention and treatment strategies.
The renin angiotensin aldosterone system (RAAS) contributes to the underlying pathophysiology of insulin resistance; however, the optimum approaches to target the RAAS for personalized prevention and treatment of insulin resistance are still under debate. Blockade of the RAAS has been shown to prevent insulin resistance and type 2 diabetes in some [9••, 10••, 11], but not all, studies [12, 13] , suggesting that interindividual differences contribute to the effects of the RAAS on the development of insulin resistance. In vitro and in vivo studies highlight the complex nature and multiple mechanisms by which the RAAS influences insulin resistance, thus providing avenues for further investigation in humans. This review will discuss the pertinent studies linking the RAAS to insulin resistance in humans, and will highlight possible mechanisms for inter-individual differences in the relationship between RAAS and insulin resistance. A discussion on how these inter-individual differences may influence the development of more effective treatment strategies is also included.
Overview of the Renin Angiotensin Aldosterone System
The RAAS is a dynamic physiologic system with a key role in regulating blood pressure and fluid and electrolyte balance. Renin, a proteolytic enzyme produced in the juxtaglomerular cells of the kidney, is released into the circulation in response to vasodilation or low sodium diet [14] . Renin metabolizes angiotensin (AGT) into angiotensin I (ANGI). Subsequently, the angiotensin converting enzyme (ACE) converts ANGI to angiotensin II (ANGII), the predominant peptide of the RAAS, whose actions are directly linked to many aspects of cardio-metabolic pathophysiology [15] . ANGII exerts physiologic effects through both the angiotensin type 1 receptor (AT 1 R) and angiotensin type 2 receptor (AT 2 R) in the vasculature, kidney, skeletal muscle, heart, adipocytes, pancreas, and adrenal tissues [16] [17] [18] . AT 1 R mediated ANGII effects include: 1) vasoconstriction of the vascular smooth muscle cells of the arteriole, 2) sodium retention in the renal proximal tubules, and 3) aldosterone release from the adrenal zonaglomerulosa [14] . AT 2 R-mediated ANGII effects generally oppose those effects mediated by AT 1 R, and include: 1) vasodilation of arterioles, 2) anti-inflammatory effects in vascular smooth muscle cells, and 3) anti-proliferative effects in the myocardium [19] .
The effects of the systemic RAAS on blood pressure regulation, glucose metabolism and inflammation have been studied extensively; however, recent discoveries on the influence of local tissue RAAS in the skeletal muscle, heart, vasculature, adipocytes, and pancreas have led to an improved understanding of how activated tissue RAAS influences the development of insulin resistance and diabetes in humans [20] . ANGII seems to be the predominant RAAS player contributing to insulin resistance. This review examines the role of local ANGII activity on insulin resistance development in skeletal muscle, adipocytes, and pancreas, followed by a discussion of the other RAAS components implicated in insulin resistance, including ACE2, Ang1-7, renin, and aldosterone.
RAAS "Blockade" Insulin Sensitivity and Type 2 Diabetes Mellitus: Large-Scale Human Trials Clinical trials suggest a role for the RAAS in the development of insulin resistance and type 2 diabetes mellitus (DM) in humans. Trials comparing the effects of angiotensinconverting-enzyme inhibitor (ACEI) or angiotensin II receptor blocker (ARB) treatment versus other anti-hypertensive medications (hydrochlorothiazide, β-blockers, calcium channel blockers) consistently demonstrate that RAAS blockade results in significant improvements in insulin sensitivity compared to other anti-hypertensive agents [21] [22] [23] , raising the possibility that RAAS is involved in the pathophysiology of insulin resistance, and thus the development of type 2 diabetes. Two large-scale clinical trials evaluated the effect of RAAS blockade on the development of diabetes, with progression to diabetes as the primary outcome. The Nateglinide and Valsartan in Impaired Glucose Tolerance Outcome Research (NAVIGATOR) study compared the effect of valsartan (160 mg daily) versus placebo for a median of 5 years on the development of diabetes in 9,306 individuals with impaired glucose tolerance [9••]. The ARB treated group had a lower incidence of diabetes (hazard ratio 0.86, p<0.0001) and lower fasting glucose (mean difference 0.03 mM/L, p<0.01) and post-load glucose (mean difference 0.17 mM/L, p<0.0001) values as compared with the placebo treated group [9••]. The Diabetes Reduction Assessment with Ramipril and Rosiglitazone Medication (DREAM) study included 5,269 individuals, of whom half were randomized to ramipril with or without rosiglitazone for a median of 3 years. Individuals on ramipril had significantly lower plasma glucose levels in response to a glucose load when compared with the placebo control (mean difference 5.4 mg/dL, p00.01); however, rates of diabetes development did not differ significantly between groups (hazard ration 0.91, p00.15) [24••]. The lack of consistency between these two large trials is consistent with prior studies evaluating the effects of ACEI or ARB on the development of diabetes in clinical trials where diabetes risk was not the primary endpoint. Some of these studies demonstrated significantly decreased type 2 diabetes risk [25] [26] [27] , while others showed no significant effect [28] . However, subanalyses of these larger trials demonstrated that the ACEI or ARB treatment did improve glucose levels and risk for diabetes in higher risk populations, and when compared with other anti-hypertensive treatments [25, 29] . Further, meta-analysis of these studies demonstrated a 22-30 % decrease risk in diabetes development [11] .
These large-scale human trials demonstrate heterogeneity in the relationship between the RAAS and development of DM, with some studies demonstrating significant benefit of ACEI or ARB therapy. It is likely outcomes are dependent on the type of population studied, concurrent medication use, and dosage and duration of study drug, as well as inter-individual variability in the relationship between RAAS and insulin resistance. Thus, the evidence suggests that some, but not all, individuals will benefit from prevention and treatment strategies targeting the RAAS. Understanding the physiology underlying the relationship between the RAAS and insulin resistance and being able to identify who is at risk for developing specific pathophysiology will guide more effective personalized prevention and treatment.
Physiologic Underpinnings of RAAS and IR: Angiotensin II
Recent work in the area of RAAS and insulin resistance has uncovered the importance of both systemic and local ANGII in dysregulated insulin secretion, adipogenesis, and microvascular blood flow to muscle (Fig. 1) .
ANGII Action in Skeletal Muscle
Angiotensin II is present in both skeletal myocytes and the vascular tissue of arterioles that supply blood to these myocytes [17] . The effects of ANGII on skeletal muscle glucose uptake is related to 1) alterations in skeletal muscle blood flow, as well as 2) non-hemodynamic effects of ANGII on insulin signaling and insulin stimulated glut-4 glucose uptake [17, [30] [31] [32] . A discussion of the role of ANGII in both mechanisms follows.
Hemodynamic Effects of ANGII on Skeletal Muscle Glucose Metabolism
There is a well-documented negative relationship between ANGII and microvascular blood flow in skeletal muscle tissue that contributes to the development of insulin resistance [16] . Animal studies demonstrate that ANGII reduces (and ARB improves) the effects of insulin on both microvascular blood volume and glucose extraction [33] . Recently, several human studies confirmed this relationship, demonstrating that ANGII decreases microvascular blood flow to the skeletal muscle and these effects are reversed with ARB administration [34•, 35] . Further, Saunder et al. [35] demonstrated that acute oral administration of candesartan (32 mg) resulted in improvements in skeletal muscle microvascular blood volume and flow, as measured by contrast enhanced ultrasound in healthy individuals. Interestingly, improvements in whole body glucose uptake were not demonstrated in this study; this may be related to the short duration of candesartan treatment or the small sample size of eight healthy subjects.
Non-Hemodynamic Effects of ANGII on Skeletal Muscle Glucose Metabolism ANGII, acting via AT 1 R, directly and negatively influences glut-4 translocation, insulin stimulated glucose uptake and the intracellular insulin signaling pathway in skeletal muscle [30, 31, 36] . For example, chronic ANGII infusion (100 ng/kg/min for 12 days) led to decreased glut-4 translocation, altered insulin stimulated glucose uptake, and increased oxidative stress in rat skeletal muscle [31] . Further, incubation in ANGII inhibited insulin signaling by decreasing phosporylation of AKT Ser 473 and glycogen synthase kinase 3 beta Ser(9) in isolated rat soleus muscles [36] . In other studies, interrupting the RAAS with ACEI or ARB treatment led to improvements in whole body insulin sensitivity and skeletal muscle glucose transport in hypertensive and diabetic rats [37, 38] . Further, incubating L6 myotube cells in ANGII results in altered insulin stimulated IRS1 phosphorylation, decreased AKT activation, and decreased Glut-4 translocation to the cell membrane; all alterations were remedied with ARB treatment [39, 40] . In vivo studies demonstrated that the influence of ANGII on insulin signaling and glucose uptake in skeletal muscle cell is independent of the effects of ANGII on blood flow to the muscle [17, 36] .
A recent study assessed prospectively the effect of an ARB (valsartan), as compared with placebo, on glucose homeostasis in 79 humans with impaired glucose tolerance. ARB treatment for 26 weeks improved both whole body glucose uptake and insulin secretion [10••]. Thus, these findings are consistent with the preclinical studies and suggest a beneficial effect of RAAS inhibition on glucose homeostasis. The failure of earlier studies to demonstrate a beneficial effect of ACEI administration on glucose parameters in individuals with obesity [41] or hypertension (HTN) and type 2 diabetes [42] may be related to the smaller number of individuals, shorter treatment periods, the use of ACEI versus ARB treatment, and to inter-individual differences.
Our understanding of the relationship between RAAS and glucose homeostasis is further complicated by early studies examining the effects of an acute ANGII infusion on insulin stimulated glucose uptake, assessed by the euglycemic insulin clamp technique. ANGII had either 1) no effect on insulin sensitivity [43] or 2) significantly improved insulin sensitivity [44] [45] [46] . It may be that the specific mechanisms mediating the acute effects of AngII on glucose homeostasis differ from those involving chronic RAAS inhibition, possibly involving acute hemodynamic changes. Further, there may be inter-individual differences in response to ANGII.
Collectively, these studies suggest a beneficial effect of chronic RAAS blockade on insulin sensitivity and insulin secretion, though the lack of consistent results across all studies raises the possibility that there are inter-individual differences that modify responses.
Adipose Tissue
The relationship between ANGII, adipogenesis, and insulin resistance has been studied extensively and has been the topic of many recent reviews [14, 47] . Thus, we will discuss only the most recent, pertinent studies and refer readers to these reviews for additional details. The possibility that a local RAS directly affects adipogenesis, obesity, and insulin resistance in humans was introduced after Karlsson et al. [48] demonstrated that angiotensinogen and ACE were present in adipose tissue of obese humans, raising the possibility that ANGII was made locally and could exert local effects on insulin resistance.
Subsequently, many human studies have shown that both the local and systemic renin-angiotensin system (RAS) are activated in obese individuals [49] [50] [51] [52] and are associated with insulin resistance. These observational studies make it difficult to determine whether obesity is causing the activated RAS or vice-versa. However, mice with deletions in RAS genes and Dahl salt sensitive rats (a model of low renin and ANGII levels) are protected from diet-induced obesity [53, 54] , suggesting the RAS may have a role in causing obesity and its cardio-metabolic effects, including insulin resistance. Further, insulin resistance is improved with both RAS blockade [55] and weight loss [56] in humans.
The presence of AT 1 R in adipocytes is also wellestablished, and recently it was discovered that dysfunctional AT 1 R leads to altered adipogenesis [57] . In humans, many studies demonstrate a role for adipose specific ANGII in adipocyte differentiation; although conflicting results also exist. For example, ANGII was found to increase adipocyte size and induce adipocyte differentiation in isolated adipocytes from human visceral adipose tissue in a few [58, 59] , but not all, studies [60] . Thus, one of the effects of the local adipose RAS on insulin resistance is believed to be through increased adipocyte differentiation leading to obesity and insulin resistance [58, 61, 62, 63••, 64, 65] . Goossens et al. [61] demonstrated that 26 weeks of valsartan treatment reduced subcutaneous adipose tissue size, decreased markers of adipogenesis (PPARγ) and inflammatory markers (CD68, CD163), and improved adipocyte function in obese humans. Further, decreases in inflammatory markers and improvement in measurements of insulin resistance were observed in obese individuals after valsartan treatment [66] .
The effects of ANGII on adipose tissue appear to be complex and may have opposing actions on glucose homeostasis. The beneficial effects of ANGII need confirmation, but if true, would suggest that ANGII can have both beneficial and adverse effects on adipose tissue regulation of glucose homeostasis.
Pancreas
The existence of a local pancreatic RAS in humans is known. Angiotensinogen, (pro)renin, ANGII, and AT 1 R have all been characterized in human pancreatic islet and/or beta cells [20, 67, 68] . Further, ANG1-7 is also present in the pancreas and may act to counterbalance the negative effects of ANGII in this tissue [69] . Numerous studies demonstrate that increased pancreatic RAS activity leads to alterations in glucose metabolism in in-vitro models, animals, and humans. As discussed below, mechanisms contributing to this association have been clarified, and include direct RAS effects on 1) pancreatic blood flow, 2) insulin secretion, and 3) inflammation and pancreatic fibrosis [20, 70] .
ANGII is the predominant peptide in the pancreatic RAS [67] , and its role in decreasing pancreatic blood flow is wellcharacterized. Direct ANGII infusion to the pancreas led to reduced whole pancreatic and islet blood flow in rats; effects that were reversed with ARB administration [71] . Similar results were demonstrated by Huang et al. [72] , reporting that both captopril and irbesartan improved pancreatic blood flow in female rats. Further work is necessary to evaluate the role of RAAS on pancreatic blood flow in humans.
Recent studies in both animal models and humans provide strong support for a direct role of ANGII on insulin secretion. ANGII administration decreased insulin secretion in isolated mouse pancreatic beta cells in a dose dependent manner [73] . Further, exposure to an ARB improved early phase insulin secretion in the same cells [73] . Similarly, in animal models, ANGII infusion decreased insulin secretion [74] and ARB administration improved insulin secretion in response to western diet and glucose supplementation [63••, 75] ••]. Interestingly, although 6 weeks of olmesartan improved insulin secretion and increased GLP-1 signaling in the obese Otsuka Long-Evans Tojushima Fatty (OLETF) rat model, a model of metabolic syndrome, changes in insulin signaling proteins were not observed in the skeletal muscle, suggesting that ARB-related improvements in glucose metabolism are independent of changes in insulin signaling [75••] .
In humans, 26 weeks of treatment with the ARB valsartan led to improvements in both phase 1 and phase 2 insulin secretion when compared with placebo controls [10••]. Similar improvements in insulin secretion were found in other clinical studies employing longer durations of ARB treatment (> 2 months) and in combination with HCTZ [76] . These improvements were not observed in short term (6 weeks) administration of ARB [77] , which suggests that the duration of treatment, as well as the use of other antihypertensive medications, are important factors to consider when evaluating the effect of RAAS blockade on insulin secretion.
Non-ANGII Factors

ACE2
Heretofore, we have discussed the negative relationship between the ACE/ANGII/AT 1 R axis and insulin resistance demonstrating that increases in ANGII activity lead to alterations in: 1) insulin signaling and glucose uptake, 2) insulin secretion, and 3) inflammation which portend the development of insulin resistance. Further, blockade of this axis via AT 1 R receptor blockade or ACEI addresses these alterations and improves insulin resistance, providing insight on best treatment options in individuals with increased RAS activation. Recent discoveries have led to the realization that intervening at a second RAS pathway, the ACE2/Ang1-7/ MAS axis, may compliment blockade of ACE/ANGII/AT 1 R [78] [79] [80] (Fig. 1) . Discovered in 2000, ACE2 is a homologue of ACE and acts by cleaving ANGII to make Ang1-7 [69, 81, 82] . ACE2 is ubiquitously present in heart, kidney, brain, lung, adipose, and pancreatic tissue [81, 83, 84] and acts upon MAS receptors leading to actions opposing ANGII: vasodilation via activation of nitric oxide and bradykinin, and decreased fibrosis [79, 85, 86•] . It is important to note that since ANG1-7 is a byproduct of ANGII degradation by ACE2, it is unclear whether the improved vascular effects seen are related to decreases in ANGII or increases in ANG1-7; however, it is likely a combination of both, and a ratio of the two peptides may be a better determinant of overall activity [82, 87] . Studies examining the direct influence of Ang1-7 infusion and ACE2 deletion have addressed this issue and defined the effects of ACE2/ANG1-7/MAS axis on insulin resistance.
ANG1-7 improves glucose metabolism and insulin resistance both in vitro and in vivo. Chronic administration of ANG1-7 in fructose fed rats led to improved whole body insulin sensitivity, as measured by OGTT, and also led to improved intra-cellular insulin signaling when compared with rats receiving a sham infusion [88] . Subsequent investigation revealed that ANG1-7 administration attenuated the inhibitory effects of ANGII infusion on insulin-stimulated glucose uptake in isolated skeletal muscle from female lean Zucker rats, and that this effect was mediated through increases in Akt Ser 47 3 phosphorylation [89] . Loss of ACE2 also leads to altered glucose metabolism, and this appears to be due to a loss of the opposing actions of ANG1-7 on ANGII's actions. Loss of ACE2 in mice fed a high calorie diet or given ANGII led to decreased insulin sensitivity (measured via intra-peritoneal glucose tolerance test) compared with wild type mice [90] . In the ACE2 knockout mice, AT 1 R blockade with losartan did not improve these alterations; however, administration of Ang1-7 with or without AT 1 R blockade did result in improved glucose tolerance suggesting a significant role of Ang1-7 in the homeostasis of glucose metabolism in environments of altered RAS activity [90] . Supporting the role of the ACE2/ANG1-7/MAS axis in the development of insulin resistance, both ACE2 partial knockout animals and MAS receptor knockout mice exhibited impaired glucose intolerance and elevated fasting glucoses [79, 82] . Further, in diabetic db/db mice, ACE2 therapy provided directly to the pancreas led to improvements in fasting glucose and glucose tolerance [86•] .
Understanding the interplay between ANGII and ACE2 in the development of insulin resistance has led to an investigation of the effects of treatment of either the ACE/ANGII/ AT1R or ACE2/Ang1-7/MAS receptor axis abnormalities.
ACE2/ApoE knockout mice demonstrated increased atherosclerotic plaques that are further increased in the setting of a low salt diet (an environment of ANGII activation), linking the altered interplay of ANGII/ACE2 with worsening cardiometabolic disease [84] . Further, in the Akita diabetic mouse model, loss of ACE2 led to greater diastolic dysfunction, increased oxidative stress, and greater impairments in flow mediated dilation; again linking loss of ACE2 with complications of insulin resistance and DM [91] . Interestingly, both increased atherosclerosis and cardiac dysfunction were improved with ACEI or ARB administration alone.
Human investigation of the ACE2/ANGII balance is an under-investigated field. Serum ACE2 activity has been shown to be elevated in individuals with T1DM and microalbuminuria, suggesting a possible compensatory mechanism may be at play in this population [92] . Further, urinary ACE2 levels are higher in kidney transplant patients with diabetes mellitus when compared with patients without diabetes [93] . Further investigation into the role of ACE2/ ANGII balance in human insulin resistance is warranted.
Aldosterone
A relationship between mineralocorticoid receptor activation and decreased insulin sensitivity has been demonstrated through different animal models and human studies and has been the focus of many recent reviews. Readers are referred to these reviews for a more extensive discussion of the topic [94] [95] [96] . In this review, we will discuss the recent, pertinent studies evaluating the relationship between aldosterone and insulin resistance in humans. Human studies suggest that aldosterone has an effect on insulin resistance independent from its relationship with ANGII or renin, since higher levels of insulin resistance are found in individuals with primary hyperaldosteronism; a condition where ANGII levels and renin levels are low [97] [98] [99] [100] [101] [102] . Further, higher serum aldosterone levels have been associated with an increased risk for the metabolic syndrome; a clustering of metabolic risk factors where insulin resistance is a defining characteristic. Prospective analysis demonstrates that plasma aldosterone levels predicted the development of insulin resistance in a large Japanese cohort followed over 10 years [103] . Blockade of the mineralocorticoid receptor (spironolactone), but not AT1R blockade (irbesartan), improved chlorthalidone-induced insulin resistance in hypertensive individuals, suggesting a causative relationship between activated mineralocorticoid receptor, increased aldosterone, and greater levels of insulin resistance [104] .
In vitro and in vivo studies suggest that an underlying mechanism contributing to the relationship between aldosterone and insulin resistance is related to the inhibitory effects of aldosterone on insulin signaling and insulin-stimulated glucose uptake via glut-4 translocation in adipocytes, skeletal muscle, and vascular smooth muscle cells [105] [106] [107] . Further, mineralocorticoid receptor activation is pro-inflammatory, promotes adipocyte differentiation, alters adipokine expression and affects vascular function-all actions that could influence glucose homeostasis. Furthering the link between obesity and excess RAAS activity are studies demonstrating that adipocytes produce aldosterone, as well as a factor that stimulates production by the liver of an aldosterone secretagogue [108•, 109] . Activation of the mineralocorticoid receptor by aldosterone or cortisol clearly contributes to the development of insulin resistance, and these effects are independent of the effects of ANGII on insulin resistance. More research is necessary to determine the effects of RAAS blockade on insulin resistance in different populations of varying cardio-metabolic risk, to determine if one population would achieve greater benefit than another, or whether RAAS blockade at multiple points (i.e. ARB and mineralocorticoid receptor blockade) would provide greater benefit than either alone.
Renin
Blockade of renin has also been shown to improve measurements of insulin sensitivity in human and animal models. In individuals with the metabolic syndrome and hypertension, aliskiren (300 mg per day for 12 weeks) resulted in improved insulin sensitivity (measured via euglycemic hyperinsulinemic clamp) compared to losartan [110] . Similar results were found in animal models, where aliskiren improved hyperglycemia, dyslipidemia, and vascular function in rats fed a high fructose diet [111, 112] . Closer examination of the mechanism underlying the relationship between renin inhibition and improved insulin sensitivity found that aliskiren treatment led to improvements in systemic insulin resistance and improved insulin signaling and glucose uptake in skeletal muscle in a rat model of RAAS activation (TG(mRen2)27) [113] . These improvements were associated with decreases in levels of ANGII, aldosterone, AT1R, oxidative stress, and fibrosis, making it difficult to determine whether the effects of renin inhibition on insulin sensitivity are through the direct effects of renin blockade, or through the effects of renin blockade on decreasing downstream components of the RAAS. Cross-sectional human studies also demonstrated a link between elevated plasma renin activity and increased risk for insulin resistance and the metabolic syndrome in humans [101, 114] ; however, as in the studies above, determining whether these results are due to the effect of renin alone or renin's effects on subsequent components of the RAAS is unknown.
Genetics
Human genetic studies examining the relationship between RAAS candidate gene variants and insulin resistance provides some insight into the observed inter-individual differences between altered RAAS physiology and insulin resistance discussed thus far. Variants within two RAAS candidate genes, ACE and AGT, consistently demonstrate a relationship with insulin resistance [115, 116•] , suggesting that a subgroup of individuals are at increased risk for insulin resistance secondary to alterations in the RAAS. Identifying these individuals and providing personalized, RAAS specific treatment may result in more consistent outcomes than those observed in the human clinical trials listed above, where the effect of RAAS blockade on insulin resistance was examined in populations without regard to an individual's genotype. Studies providing the most promising insights into the relationships between RAAS genes, RAAS pathophysiology and insulin resistance are described below. Of note, large genome wide association studies examining the relationship between variants in the entire genome and insulin resistance found no significant relationship between variants in RAAS genes and risk for insulin resistance [117] [118] [119] . However, many variants of the RAAS genes are not included on current genome-wide association study (GWAS) platforms. Additionally, the effects of these genetic variants may not have a sufficiently large effect size to be identified by GWAS studies that require correction for thousands of comparisons. Thus, candidate gene studies are likely the best design for evaluating the effects of RAAS gene on insulin resistance in humans, as the following studies demonstrate.
ACE Gene
One variant in the ACE gene, a 287 bpAlu repeat element deemed the ACE insertion/deletion polymorphism, has been associated with both cardiovascular disease and altered glucose metabolism in multiple human studies [116•, 120, 121] . The deleted variant (D) is associated with increased ACE activity in animals and humans [122] [123] [124] . In healthy Caucasian individuals of European descent, individuals homozygous for the deletion have been shown to have increased plasma glucose levels 2 h after oral glucose challenge [116•] , decreased insulin sensitivity measured via euglycemic hyperinsulinemic clamp [116] , and increased fasting glucose levels [125, 126] . Further, individuals homozygous for the deletion variant of Chinese descent were also found to have increased plasma glucose levels [127] . Of note, other studies have found conflicting results, where individuals homozygous for the ACE deletion were found to have improved insulin sensitivity [128, 129] ; however, these latter studies consisted of extremely small samples sizes of obese and hypertensive individuals, which may have contributed to the disparate findings. Importantly, two meta-analyses have pooled the results of all human studies examining the effects of the ACE I/D polymorphism on risk for type 2 diabetes mellitus [130, 131] . The results of these analyses, with each study consisting of greater than 15,000 individuals, demonstrated a strong effect of the D polymorphism with increased risk for type 2 diabetes, confirming a role for this polymorphism in identifying those with increased risk for altered glucose metabolism. Other metaanalyses pooling the results of human studies evaluating the D allele with insulin resistance are warranted.
AGT Gene
The angiotensinogen gene (AGT) encodes pre-angiotensinogen in the liver, which is then cleaved into angiotensin I and converted to angiotensin II by ACE. Variants in this gene are associated with increased plasma angiotensinogen levels, hypertension, and increased risk for cardiac hypertrophy [132] [133] [134] . In particular, the M235T (M268T according to newer nomenclature) polymorphism, a missense coding variant of the gene, is associated with cardio-metabolic phenotypes in humans. Guo and colleagues [115] first demonstrated an association between the minor allele of this variant and insulin sensitivity. Subsequent studies found associations with this variant and insulin sensitivity [135, 136] . These conflicting results are likely the result of the heterogeneous populations that were studied, differing definitions of insulin sensitivity, and small sample sizes. Analyzing variants of genes in a more homogeneous subset of individuals (i.e., an intermediate phenotype), pooling the results of these studies using meta-analysis, or evaluating the effects of other genes that regulate the expression of the AGT gene, ACE gene, or the RAAS may provide clarification on the role of genes and the RAAS on the development of insulin resistance.
Conclusion
The studies described in this review clearly delineate a relationship between the RAAS and insulin resistance in humans. Since the randomized control trials that evaluated the outcomes of RAAS blockade on insulin resistance and type 2 diabetes often have conflicting results, it is important for us to understand the basic pathophysiologic mechanisms underlying the relationship between the RAAS and insulin resistance. This review demonstrates that increased ANGII activity in skeletal muscle, adipose tissue, and the pancreas contribute to altered glucose metabolism leading to insulin resistance. Recent studies suggest countering these effects through the ACE2 pathway may provide some benefit. Further, genetic studies demonstrate that some individuals are predisposed to an increased risk for altered RAAS activity and insulin resistance. Additional studies are warranted to evaluate the interaction between these genetic risk factors and other environmental and behavioral risk factors known to influence the RAAS and vascular function, including sodium diet, smoking, and exercise. Identifying those individuals at greatest risk for altered RAAS and insulin resistance and targeting them with personalized treatment with RAAS blockade would likely result in more consistent results in evaluating the relationship between RAAS blockade and altered glucose metabolism. This is important as we continue to evaluate the most effective treatment strategies for individuals at greatest risk. The RAAS clearly influences glucose metabolism in some, but not all individuals. Understanding this relationship is important when prescribing anti-hypertensive medications in those at risk for insulin resistance.
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